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CHAPTER I 
INTRODUCTION 
Although the field-effect, or unipolar, transistor was the 
earliest known active semiconductor device, it was relatively 
neglected for many years. The bipolar or conventional transistor 
dominated the field of electronics. But, because of high-input 
impedance, low self-generated noise, and greater resistance to 
nuclear radiation the field-effect transistor became the subject of 
intensive research. Recently, due to advances in fabrication tech­
niques, it has become possible to manufacture field-effect tran­
sistors having electrical properties which make them very attractive 
for circuit applications. 
In the bipolar transistor both positive and negative free 
carriers take part in the functioning of the device; hence the name 
bipolar. In the bipolar device, the charge of excess minority 
carriers injected into the base region is compensated by an equal 
charge of majority carriers so that electrical neutrality in the 
base region is maintained. On the other hand, in unipolar devices, 
the current is carried only by the free majority carriers in.the 
conducting channel and no essential role is played by the small 
number of minority carriers; hence the name unipolar. The number 
of carriers available to carry current in the conducting region of 
the unipolar device is controlled by the application of an electric 
field to the junction interface. In the junction gate field-effect 
2 
transistor shown in Figure 1, the gate is a layer of semiconductor 
of a conductivity type (p-type) opposite to that of the channel 
(n-type).· The junction gate is reverse biased with respect to the 
channel forming an insulating depletion layer which encroaches upon 
the conducting channel, effectively limiting its dimensions. A 
more negative voltage on the gate will further reduce th� channel, 
reducing its conductance; a less negative voltage will let the 
channel expand, increasing its conductance. At a particular gate­
source voltage, the pinch-off voltage, the channel conductance is. 
reduced to a negligible extent. 
The field-effect transistor exhibits nonlinear properties, 
and thus is similar to other electronic active devices. It is the 
opinion of the great majority of workers in the field of nonlinear 
systems that a general method of analysis or synthesis for nonlinear 
problems is impossible. It is possible, however, to develop a 
series of analyses that apply to restricted classes of nonlinearities 
according to their usefulness. The describing-function technique 
has been known as an effective tool for the analysis of relay or 
on-off devices. A gradual refining of this technique is apparent 
and wider application is also possible. With the help of the 
Nyquist criterion, the nonlinear problem of oscillation can also be 
solved by employing the describing-function method. This technique 
of analysis is based on the well-known method of "equivalent 
linearization or harmonic balance" which was advocated by N. Krylov 
Figure 1
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and N. Bogoliubov. E. P. Popov, J. E. Gibson, and W. J .  Cunningham 
also exploited its applicability to nonlinear control systems. 
The subject of active RC networks is also one that attracts 
considerable attention from network theorists. There ·are two major 
reasons. First, the inductor is a relatively large and heavy ele­
ment in comparison with the capacitor. This is especial:l;Y true at 
frequencies in the audio range. Second, commercially available 
inductors are not nearly as 11idea1u as commercially available 
capacitors. Inductors generally have more dissipation associated. 
with them than capacitors of similar size. For these reasons more 
and more interest is being shown in the circuit design techniques 
which avoid the use of inductors, namely active RC networks. 
The purpose of this paper is to study the applicability of 
the describing-function method to field-effect transistors employed 
in RC phase-shift oscillators. The major concerns in oscillator 
design are frequency precision and stability and amplitude of 
oscillation. Also, a design method is presented for the phase-shift 
oscillator with prescribed frequency and amplitude by using 
describing functions . Because oscillating condition varies with 
the operating points of the·field-effect transistor, some discussion 
is included concerning reduction of this effect.· 
CHAPTER II 
THEORETICAL ANALYSIS OF THE PHASE-SHIFT OSCILLATOR 
A. Two Necessary Conditions for Oscillation 
5 
1. The active device furnishes power gain at the frequency 
of oscillation. This gain mu?t be large.enough to overcome circuit 
losses and establish exactly unity gain around the feedback loop. 
2. The phase shifts introduced by the active device and the 
feedback network result in exactly zero phase shift around the over­
all circuit. 
These condi�ions will permit sustained oscillation, but they 
do not guarantee that oscillation will. occur. In other words, it• 
is not enough that unity loop gain can exist. There must be more 
than unity loop gain at first to cause buildup of oscillations. 
These, then, are the necessary and sufficient conditions for the 
buildup and maintenance of self-sustained oscillation in a circuit. 
B. Stability of RC Feedback System 
The overall active circuit for the phase-shift oscillator is 
shown in Figure 2. 
Any practical amplifier saturates if the magnitude of the 
signal voltage applied to it becomes sufficiently large. Accordingly, 
a nonlinear transmission characteristic is evident. This saturation 
e.ffect can be considered by including a limiter following the "ideal" 
v. 
. .. · H1 (jW) ------, 
r - - .......... - - _. - -- -'-- - - -7 
l --- --- I I 
v1 I !Amplifier l v2 I Limiter l I v3 
_ _,.,�-� • . I f 
G(jW) I 
I '-------------- ....... � _____ _j 
Phase 
Shifter 
H2(jW) 
Figure 2. Block Diagram of Phase-Shift Oscillator 
°" 
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linear amplifier, as shown in Figure 2. The limiter may be left out 
or H can be set equal to unity for non-saturation conditions. In 
any case, the effects-due to the limiting and the amplification will 
be represented by H1(jW). Including the phase shifter, the entire 
system can be analysed by the equations 
Then 
Asymptotic stability of the system is determined by what happens 
in the absence of ·any input signal to the system. For vin = O, 
Eq. (1) becomes 
We shall let 
where H1(jW) =·G(jW)H according to Figure 2. 
(1) 
(2) 
(3) 
The functions H1(jW) and H2(jW) for the parts of the system 
become merely the transfer functions defined for simple-harmonic 
variations. H1(jW) may become nonlinear as previously discussed. 
If the nonlinearity is not too great and the waveforms in the system 
are essentially sinusoidal in shape, the Nyquist criterion can be 
applied to test the stability of the system. If the system is such 
8 
that the wavefonns depart considerably from a sinusoidal shape, 
testing the stability in this way may lead to erroneous conclusions. 
By applying the Nyquist criterion, the stability of the system 
including the limiter is accordingly governed by the relation 
1 - G(jW)HH2(jW) = 0 (4) 
This is merely Eq. (3) with H1 = G(jW)H, where His the describing 
function for the limiter and is a function of the input amplitude. 
The value of H is real and positive; it will be discussed later. 
Eq. (4) can be put into more convenient form for.study by writing 
it as 
---�l�-- = H 
G(jW)H2(jW) 
(5) 
This is the condition necessary for steady-state oscillation. 
In analyzing a nonlinear system, it is convenient to write 
the relation for testing the stability as is done in Fiq. (5). Those 
tenns depending upon frequency appear on one side of the equation, 
and those depending upon amplitude appear on the opposite side. 
Separation of this sort can be achieved where operation of 
the nonlinear element depends only upon amplitude of the signal, 
·and that of the linear element depends only upon frequency. A 
more complicated situation arises if the nonlinear effect is also 
frequency dependent but this does not happen in_ the present case. 
C. Describing Functions for the Limiter 
A more intense investigation of the properties of the de­
·scribing function for the limiter will be undertaken with the 
consideration of the transmission characteristic. 
A nonlinearity can be described by� complicated equation 
which consists of the sum of separate simple-harmonic functions. 
9 
In electronic applications, any periodic waveform can be expressed 
by a Fourier Series no matter how complicated the transmission 
characteristic is. If an input is v1 = v1 sin Wt, then the corre� 
sponding output v3 in Figure 2 can be expressed as 
v3 =Ao+ A1. sin Wt+ B1 cos Wt+ • • + An sin nWt 
+ Bn cos nWt + . . . . (6) 
If there are significant low-pass filtering and D.C. blocking effects, 
only fundamental components need be considered at oscillation because 
the signal fed back is almost purely sinusoidal. Therefore, Eq. 
(6) can be approximated by 
v3 z A1 sin Wt + B1 cos Wt (7) 
Since cos Wt is related to the first derivative of sin Wt, the 
physical meaning of Eq. (?) can be interpreted as follows: the 
output is a function of the input and its first derivative. Mathe­
matically, this can be ·expressed by 
(8-a) 
= A' sin (Wt + ¢) 
Where v1 is the peak amplitude of the input, v1• is the first 
derivative of v1, and 
10 
(8-b) 
(8-c) 
(8-d) 
(8-e) 
(9) 
For the condition given in Eq. (7), a hysteresis loop will 
exist on a plot of the transmission characteristic. The phase angle 
¢ in Eq. (8-e) possesses a value other than the integral multiples 
of 180° . If the coefficient B1 in Eq. (7) is zero, there is no 
hysteresis loop on the transmission characteristic. The phase angle 
¢ in Eq. (8-e) is then an integral multiple of 180°. Eq. (8-e) is 
merely 
v3 = A sin (Wt + n7f) (10) 
and n = O, 1, 2, 
For most occasions, n equals unity because the phase shift between 
the input and the output is 180 ° . 
D. Two Common Nonlinear Transmission Characteristics 
11 
One common multivalued nonlinearity is shown in Figure 3.  
The nonlinearity is not severe since the waveform of the output is 
essentially sinusoidal in shape. So, Eq. (8-d) is applicable. 
The functions g(V1) and b(V1) are given by 
(11) 
Here the input is taken to be v1 = v1 sin Wt and the magnitude of 
the amplification or the absolute value of the slope of the trans­
mission characteristic is taken to be IGI. Referring to Eqs. (10) 
and (11) in Appendix A, the nonlinear functions are derived as 
where 
e _ . -
1 c + blGI 
2 - sin V1IGI 
From Eqs. (8), (12), and (13), the output is 
(12) 
(13) 
(14) 
-.f2b r- v3 ( output) 
+ C 
I 'ti\ -- --- II ,, 
__ vl (input) _____ _ _ 
Figure 3. Transmission Characteristic with a Phase Shift 
a Little Smaller than 180° I-' 
l\) 
where 
and 
= A' sin (Wt + ¢) 
¢ = tan-1 sin
2 Q2 - sin
2 81 
_ (e + 0 + 
sin 292 sin 291) 2 1 2 + 2 
A
, 
= 
I GI V1 [(,Q e sin 202 sin 291)2 7T v2 + 1 + 2 + 2 
+ (sin2 92 - sin
2 01)
2
]½ 
13 
(15) 
(16) 
(17) 
The phase shift angle ¢ in Eq . (15) is caused by the amplification 
and will be discussed later . 
Referring to Figure 2, the describing function H for the 
limiter can be expressed as 
where H is real and positive as mentioned in Eq . (4). Combining 
Eqs.  (15), (17), and (18) yields 
H = A' 
JGJV1 
211758 
_ _ l 
sin 202 sin 291)
2 
- Tr ( 92 + Ql 
+ 2 
+ 2 
2 2 )
2]½ .. 
+ (sin 62 - sin 61 
SOUTH DAKOTA STATE UNIVERSITY LIBRARY 
(19-a) 
14 
(19-b) 
If the phase shift between the input and the output is an 
integral multiple of 180 °, the transmission characteristic in Figure 
.• 
3 will be single-valued, i.e., without hysteresis. Eqs. (12) and 
(13) will take another form with b = 0 and 91 = 92 in Figure 3. 
(20) 
(21) 
After substitution of Eqs. (20) and (21) into Eq. (8-c), the corre­
sponding output➔� will be 
= 2:;.,. 
Vi 
(e1 + sin e1 cos e1) sin Wt = A sin (Wt 
+ n7T) (22) 
where 91 = sin
-1 Ve and V0 is the critical peak input amplitude Vl 
at which the output starts to become saturated. As long as the 
input _is smaller than V0, the corresponding output will be 
(23) 
*Note: v3 = IGI (1 - � (91 - cos 91 sin 91)] cos (Wt + n7T) if the 
input is considered as v1 = v1 cos wt. 
15 
The single-valued describing function for the limiter can be 
calculated from Eqs. (22) and (23): 
H=l (24) 
(25) 
Comparison between Eq. ·-(15) and Eq·. (22) reveals that there 
is no fundamental cosine term in Eq. (22) since the phase shift 
angle n determines only the positive or negative value of the peak 
amplitude. Therefore, the output is a function of only its input as 
long as the single-valued transmission characteristic is concerned. 
Another multivalued nonlinearity is shown in Figure 4. This 
might be called partial saturation. The 11quasilinear" analytic 
method is still an effective tool to analyze this problem. 
The phrase, "partial saturation", refers to the transmission 
characteristic with either saturation or cut-off. It is the operating 
point of ·the active device that makes this case different from the 
full saturation case. 
Referring to Eqs. (25) and (26) in Appendix B, the functions 
are derived as follows: 
(26) 
..... � 
� 
v3 ( output) 
''' I :;,.... y 'I ;,�sc.tj ... 
'. _._ _______ _ 
Figure 4. Partial Saturation Transmission Characteristic 
with a Phase Shift a Little �ler than 180 ° 
I-' 
0--
The corresponding output is then given by 
where 
¢ = tan
-1 b(V1) 
g(V1) 
The corresponding describing function H will be 
. e )]2}! - sin 3 
17 
(27) 
(28-a) 
(28-b) 
(29) 
For the case when the phase shift is exactly 180° , the 
hysteresis in Figure 4 disappears; hence b = O, 91 = f, and Q2 = 
e3. Eqs. (26), (27), and (29) will reduce to simpler forms as follows: 
18 
(30) 
(31) 
sin Wt (32) 
I I 
Therefore 
H = 1 (33-a) 
(33-b) 
where V0 is the critical peak input voltage at which the partial 
saturation starts. 
E. Analysis of FET at Low Frequency 
So far the behavior of the limiter has been discussed. Eq. 
(5) reveals that the analyses of the amplifier and the phase shifters 
are necessary in order to understand the conditions for steady-state 
oscillation. 
At low frequencies, the equivalent circuit of the field-effect 
transistor is essentially as shown in Figure 5. 
The resistances of rc1g and rgs are usually large enough so 
that they may be neglected. The voltage gain of the amplifier is 
(34) 
where gm is the transconductance of the FET. 
G + 
Vin 
.,,�M
� .. 
�· ..;. 
Figure 
5
. 
rdg D 
I .., Z1. 
rgs 
- �vl rds 
I Rt 
I 
s 
Low Frequency FET F-4uivalent 
and Source vin 
I 
I 
.. 
Circuit with Load Z� 
19 
Zl 
20 
The amplification G will be a real negative number if Z� 
is real. When the load Zt is not a pure resistance, the corre­
sponding complex amplification G will cause a hysteresis loop on 
the transmission characteristic plot. The phase shift between the 
input and the output will be other than 180 ° . If the load Zt is 
a pure resistance, the amplif�cation G �11 have a negative value, 
i. e. , 180 ° phase shift between the input and the output will exist, 
and there is no hysteresis. 
The output impedance of the FET at low frequencies, rds' is 
usually very high. The amplifier stage described in Eq. (34) will 
be just like the pentode vacuum tube if rds is much larger than Zi , 
and Eq. (34) can be approximated by 
F. Analysis of the Phase Shifter 
(35) 
According to the second necessary condition for oscillation, 
the phase shift caused by the amplifier must be added to that of the 
phase shifter. A variety of phase shifting networks may be employed 
with oscillators. One often used is shown in Figure 6. It consists 
of a ladder composed of three equal resistances Rand three equal 
capacitances C. 
• 
R R 
Figure 6. Low-pass RC Phase Shifter 
The transfer function for this network is 
21 
• 
• 
HijW) = 
v
4 = 1 (36) v3 (jRCW)3 + 5(jRCW)2 + 6(jRCW) + 1 
·The reciprocal of Eq. (36) is 
l = (jRCW)3 + 5(jRCW)
2 
+ 6(jRCW) +·l (37) 
H2(jW) 
Eq. (37) is plotted in Figure 7. Substitution of E;qs. (35) and 
(37) into Eq. (5) yields 
{jRCW)
3 + 5(jRCW/ + 6(jRCW) + l 
-�Zt. 
Eq. (38) states the condition for steady-state oscillation. 
{38) 
f = 4395 Hz 
RCuJ = 1.6 
,. 
f = 6585 Hz 
RCuJ = 2.4, 
-35.0 
--------------
-20.0 -15.0 -10.0 
Figure?. Circuit Loss of the Phase Shifter of Figure 6 
\ 
Imaginary 
10.0 
f = 2195 Hz 
5.0 
Real· 
l\.) 
/\) 
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G. Oscillator Considerations 
1. If Zt is a pure resistive load, the phase shift caused 
by the amplifier is+ 180 ° . In order to satisfy the second necessary 
condition for oscillation, the phase shift caused by the phase 
shifter should be - 180°. In Figure 7, oscillation occurs at the 
intersection of 
{
l 
) 
and the negative real axis. For this case, 
�jW 
the imaginary part of Eq. (37) should be zero, i.e. , 
- (RCW)3 + 6(RCW) = 0 
or 
RCW = 2.45 (39) 
Substitution of Eq. (39) into Eq. (37) yields 
(40) 
In all, the first necessary and sufficient condition predicts 
that oscillation occurs for /Gf > 29. The second necessary con­
dition predicts that oscillation occurs with RCW = 2.45. 
2. If Z£ is not a pure resistive load, the phase shift 
caused by the amplifier is not+ 180
° ; it has some other value¢. 
The phase angle of 
(
:
W) 
should be¢ also. On this occasion, the 
. H2 J 
corresponding values of RCW and (
l ·
) 
determine the new condition 
�jW 
at which oscillation will occur. 
24 
3. From Item 1 and Item 2, the left side of Equation (38) 
should result in a re 1 and positive value at oscillation. There­
fore H is a real and positive value as mentioned in Eqs. (4) and 
(18). Furthermore, the sufficient condition for oscillation states 
that amplification G should be larger than the circuit loss 1 • 
. H2(jW) 
So 
(41) 
Eq. (41) states that oscillation of this kind is always saturated. 
CHAPTER III 
THE FET PHASE SHIFT OSCILLATOR 
A. Analysis of a Practical FET Oscillator 
The practical oscillator circuit is shown in Figure 8. 
Nominal values are 
R = 50 kQ. 
R = 20 kO. 
Rg = 1 M!l 
C = 1160 pf 
c1 = 0. 35 µ.f 
In the first investigation, the effects of the elements Rg 
and c1 are neglected. 
R + ___,;l;;;,._ __ _ 
SC+ 1 
25 
R + .1. (42) 
SC 
(R5c6w6 + 23R3c4w4 + 14Rc2w 2) - j(R4c5w 5 + BR2c3w 3 + 3 cw) 
16R2c4w4 + (R2c3w3 - 3CW)2 
From Eq. (42) it is apparent that _1izt[Z1] :\: 0 except when W = O. 
Therefore the resultant load on the FET stage is always a complex 
impedance. 
26 
z (43) 
RJlrds 
where R
i
' equals 
Ri + rds 
and r
ds 
is the output impedance of the 
FET as shown in Figure 5. Figure 9 is used to explain Eq. (43). 
_The phase angle of the resultant load impedance Zf is -t/J. 
From Figure 9 it is clear that a smaller load resistance RJ will 
cause a smaller resultant negative phase angle, -o/, for the total 
load impedance Zj • Referring to Figure 5, an understanding of the 
effect pon oscillation at various operating points is available. 
The output impedance of the FET, rds' is usually very high but by 
no means infinite. The value of rds varies with operating point 
and it is essentially in parallel with Rt . Therefore, a different 
effective load resistor Rt' will result. According to Figure 9, 
the different resultant negative phase angle of the total load 
impedance Zt due to the effective load resistor R ' will affect the 
oscillation conditions, although all elements of the phase shifter 
are kept the same. It will be observed that the frequency of 
oscillation changes with operating point. An operating point at 
which a lower rds is apparent provides a correspondingly higher 
oscillation frequency. Fortunately, rds is often considerably 
Rg 
Z_e C1 r 
I 
2NJ819 I I 
D I I 
I · 1 C C 
I I 
I I 
VGG I Vnn I I 
� 
Figure 8 .  Designed RC Phase-Shift Oscillator 
lJ"' q,ginary 
27 
C 
Real 
Zct = ( R1 + R} ) -
j X
l 
Figure 9 .  Phase Angle of the Equivalent Load in 
Figure 5. 
higher in resistance than the load resistor Rt and it does not 
materially complicate the describing function. 
28 
A more detailed analysis of the resultant load impedance z, 
in Figure 10 is shown in Table I .  Here Rg and c1 are taken into 
consideration and computer calculations are employed. 
The amplification G(jW) depends on the operating point 
of the FET _because of its transconductance � - Referring to 
Table I ,  the change in the magnitude of ZJ from f = 6000 Hz to 
f = 7000 Hz is less than 1% and the change of the corresponding 
phase angle is 0. 29 ° . Since the amplification G(jW) equals 
approximately - � Zj at low frequencies, there is negligible change 
in the amplification G(jW) in this range of frequencies at a 
particular operating point. · However ,  both the magnitude and the 
phase angle of the feedback coefficient H2(jW) or the loss of the 
circuit 
1 change considerably in this range of frequencies 
H2( jW )  
a s  observed in Figure 7 or Figure 12 . Therefore,. if the designed 
oscillator oscillates over a wide range of frequencies at different 
operating points, the describing function of the limiter, H, will 
be complicated, because it equals 
1 • G(jW) is 
G(jW)H2(jW) 
dependent on operating point but not frequency, whereas H2(j W) is 
dependent on frequency but not on operating point. If the designed 
oscillator oscillates over a narrow range of frequencies at different 
Figure 10. Loact Appearing to the FET in 
Figure 8 
TABLE I 
Load Impedance Z_Q in the Frecwency Range from 6000 Hz to 7000 Hz 
Frequency f Impedance ZQ Phase Angle 
( Hz) ( Ohms ) · ( degrees) 
6000 1 .  5086 X 104 -4 . 58 
6100 1 .  5071 X lolv' -4 . 5 5 
6200 1. . 50 56 X 104 -4 . 52 
1 .  5042 X 104 6300 -4. 49 
6400 1 .  5028 X 104 -4 - 46 
6500 1 . 5014 X 104 -4. 43 
6600 1 . 5000 X 104 :..4. 40 
6700 1 . 4987 X 104 -4.38 
6800 1 . 4975 X 104 -4 . 3 5 
6900 1 . 4962 X 104 . -4 .32 
7000 1 . 49 50 X 10
4 -4 . 29  
29
. 
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operating points, H2(jW) will not complicate the problem. From 
the measurement of G(jW) at different operating points and the 
calculation of the corresponding phase angle, the describing function 
can be defined by measuring a suitable value for H2(jW). Under 
this situation, the limiter is almost frequency independent as 
discussed in Section B of Chapter II. 
If the load on the FET in Figure 10 were purely resistive and 
C1 and Rg have no effect on the circuit, then the oscillation would 
occur at RCu.J= 2.45, i.e., f = 6720 Hz. But at f = 6720 Hz, the 
actual load is Z.2. =I Z.a, \ / - k.37° as shown in Table I. Using Eq. 
(3 5) to predict the amplification G(jW) at this frequency yields 
(44) 
Therefore 
¢ = 175.63 ° 
where ¢ is the phase shift angle between the input and the output. 
Now consider the second neces_sary condition· for oscillation. 
For ¢, as noted above, oscillation should occur at RCW' = 2. 24 or 
f' = 6150 Hz according to Figure 7. This is the first correction 
to the designed value. At f' = 6150 Hz, 
31 
G I ( j w)  = �j z t ' I  I 180 ° - 4 .  54 ° 
(45 ) 
Thus 
The second prediction of oscillation results in RCW ;, - = 2.26 or 
f" = 6210 Hz. There is some discrepancy between the first and the 
second predictions. If we keep on correcting in this way, the final 
constant value will approach RCWm = 2.28 or fm = 6250 Hz accordingly. 
This reveals that the circuit will oscillate at RCC.U = 2.28 rather 
than RCW = 2.45. Therefore, if an oscillation frequency 6720 Hz is 
desired, the new value of the capacitive elements Cn should be 
C = 
2 • 28 = 1085 f n 2'1Tx 6720 P 
rather than C = 1160 pf, as previously used. 
The contribution of impedance by any capacitor C at an 
angular velocity W is 
j C
� . It is worthy of mention to note that 
the correction of the capacitors does not affect the amplification 
G(jW)  at oscillation because of RCW = RCnWn . That is: the 
contribution to the impedance of the new capacitors at new oscillation 
frequency is the same as that of the old ones at old oscillation 
frequency. 
B. Analysis of the Designed Phase Shifter 
32 
A detailed analysis of the phase shifter was made and shown 
in Figure 11. The method used employs _computer calculations. The 
results of these computations are plotted in Figure 12. 
+ 
Cl = 0 .35 µ,f R R R 
• l i--_.....,vv---,--,V'-r----w 
C C C 
Figure 11. Effective Phase Shifter for the 
Designed Oscillator 
+ 
After taking Rg and c1 into consideration, the loss o� the 
· phase shifter shown in Figure 12 is larger than that in Figure ?. 
At 180 °, it is 30.2 rather than 29. 
C .  Analysis of the Limiter 
The complexity of Eqs. (19-a) and (29) for limiter describing 
functions is unfortunate. However, if the phase angle of the load 
impedance, z1 , is smaller than 10 ° , the omission of b(V1) in Eqs . 
(19-a) and (29) will cause little error. 
-3 5 . 0 
Imaginary 
f = 6500 Hz 
RC W = 2 . 3 6 5  
F = 3 500 Hz 
f = 5000 Hz RC(u = 1. 275 f = 2000 Hz 
RCW = 1. 820 RC C.iJ = O. 729 -
- - - 180° - ¢ - - - - - - ---. -· --- .L 
-20. 0 -15.0 -10.0 -5.0  
Figure 12 . Detailed Analysis of the Circuit Loss of the Designed 
Phase Shifter in Fi�re 11 
10.0 
s . o  
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\_,v 
\.,.) 
For the case of the phase angle of the load impedance Zt 
greater than 10 ° , an analysis method follows: 
1 . Analyze the amplifier and the phase shifter to get the 
phase shift angle between the input and the output. 
2 . The relation in Eq . ( 46) can be derived from Eq. (16) 
2 K sin 261 2 sin 01 - K91 - 2 
= sin 02 + K92 + 
34 
K sin 292 (46) 
where K = tan ¢ 
(47) 
and 
(48) 
By employing a digital computer, values may be obtained to plot 
curves of f1(e1) versus 81 , and f2(82) versus 82 , by varying 61 and 
62 from 0 ° to 90
°. 
4. Take pairs of points at which f1 (61) = f2(92) to plot 
the curve o e2 versus 61. By finite difference method or least 
squares approximation method, the relation 92 = f3 (91) can be found. 
5. Substitute e2 = f3(81) into Eq. (19) and · get a simplified 
describing function for the limiter, thus 
(49) 
6. If the relationship of the ratio 
Vl 
and e1 , can be Ve 
defined from experimental data, then Eq. (49) can be replaced by 
35 
H = H(
Vl) . V (50) C 
Eq. ( 50 ) will lead to the solution of the problem. 
For partial saturation case, the analytical method is still 
the same , but one more condition is necessary because there are 
three independent variables in Eq. (29) , i.e. , 91 , e2 , and 93. This 
additional condition can be obtained from Eq. (22) in Appendix B. 
From Eq. (22) in Appendix B and Eqs. (28-b) and (29) a new de­
scribing function in tenns of � can be derived by following the same 
Ve 
procedures outlined above. 
From the analyses of the previously discussed amplifier and 
the phase shifter, the oscillation will occur at RCW = 2.28 or 
f = 6250 Hz rather than at RCW = 2 . 45 or f = 6720 Hz. Refer to 
Table I: the phase angle t/J of the load impedance Z.e, is - 4. 5 ° at 
f = 6250 Hz. The corresponding amplification G(jW) should be 
G( j W) = gm I Z I/ 180 ° - 4 °30 1 
= � IZ 1 /175 °30 1 (51) 
or the phase shift angle of the amplifier ¢
= 175°30 ' .  Substi­
tution of this into Eq. (9 ) yields 
b(V1) = tan-1 175 °30 1 
g(V1) 
0.0785 
36 
or 
( 52) 
From Eqs . ( 19) , (28), a d  (50) 
= 
1 . 003 1 (V ) -
g( V1) 1 
IGI 
g l - G (53) 
Eq . (53) indicates that neglecting the phase shift in calculating 
the describing. function for the limiter in the present example does 
not cause a significant error. Therefore, the prediction of the 
oscillation amplitudes by using Eqs . (25) and (33) should be satis­
factory . Figure 13 shows the relationship of the limiter and the 
input voltage for the full saturation and partial saturation cases . 
For the full saturation case, as curve A shows, if v1 � V0, t en 
81 = 1 in Eq. 25) and H = 1. 
as own in Eq. (14-c) in Appendix A .  For the partial saturation 
case, as curve B s ows, if v1 £:: V0, then 62 = �· in Eq .  (33) and 
H = 1 . For the partial saturation case, Vi is never much larger 
than Ve as discussed at the end of Appendix B .  
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CHAPTER IV 
EXPERIMENTAL DATA AND DISCUSSION OF RESULTS 
A. Discussion of FET Type 2N3819 
38 
The common-source drain characteristics of FET type 2N3819 
were measured and are shown in Figure 14. In the pinch-off region 
of these characteristics, · the drain current In increases very 
lightly with the drain-source voltage Vns at constant gate-source 
vol�age VGs · At Vns = lOV which is well in the pinch-off region, 
the static transfer curve for this FET is shown in Figure 15. 
In the pinch-off region of the FET drain characteristics, the 
variation of In with v05 was - derived by Shockley as : 
(54) 
where Vp is the so-called pinch-off voltage. For most FET types, 
Eq. (54) converges to the parabolic or "square-law" case as : 
I I (l _ 
VGS)2 D = -DSS 
VP 
The curve in Figure 15 varies like a parabola. 
( 55 ) 
he circuit in Figure 16 was suggested by Texas Instruments 
Incorporated to measure output impedance. At low frequency, the 
output impedance is merely rds · 
The results of measura�ents using 
this circuit are shown in Figure 18. 
Io 
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Figure 14 . Drain Characteristic of FET Type 2N3819 
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Figure 15. Static Transfer Curve Corresponding to 
Figure 14 at Vos = 10 V 
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g 
If V1 = 1 V , then 
6 
r = 10 ds 10 V2 (mV) 
Figure 18 reveals that negatively increasing gate-source bias VGS 
and positively increasing drain-source bias Vns cause increased 
output impedance rds of t�e FEJ type 2N3819. 
B .  Discussion of the Amplifier 
42 
The equivalent common-source amplifier of Figure 8 is shown 
in Figure 17. 
The magnitude of the small-signal ampli�ication of this 
amplifier stage at f = 6250 Hz is shown in Figure 19 . The input 
signal Vgs was 0.003 V rms. The hysteresis loop associated with 
the transmission characteristic can be easily observed with type 
503 oscilloscope . When vgs becomes large, saturation wi�l occur. 
For instance, the transmission characteristic given in Figure 20 
was observed under the following conditions: 
VGs = 0.80 v, VDS = 16 V, / GI
= 33.85, f = 6250 Hz, 
vgs = 0. 575 sin W t 
Using Eqs. (12), (13), and (14), the transmission charac­
teristic in Figure 20 can be analyzed approximately as follows: 
6 = sin-1 c - b l GI = sin-1 14 - 0.04 x 33.85 = 0 • 707 1 V1 I GI 0 . 575 x 33.85 
-1 .0  -0 .9 -0.8 
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Figure 18. Output Impedance rds of FET Type 2N3819 at Various Operating Points 
at Low Frequencies 
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292 = 1.808, 
= -28. 8 
= 2. 125 
= -28.8 x 0.575 sin Wt + 2 . 125 x 0.575 cos W t 
= 16. 65 cos (175 °40') sin Wt + sin (175 °40 ' )  cos W t] 
= 16. 65 sin (Wt +  175°40 ' )  ( 56) 
Eq . (56) indicates that the phase shift between the input and 
the outp t is 175 °40 ' rather than exactly 180 °. Several other 
operating points were considered and the phase shift angles were all 
in t e r  nge between 175 °15 '  and 175 °40 ' .  These analyses verify the 
pre iction or ph se shift by computer analysis given previously. 
As mentioned in Chapter II, the upper saturated portion of 
the transmission characteristic is due to the cut-off effect, and 
the lower portion is due to current saturation . The cut-off behavior 
of this FET type showed a kind of sluggis ness. It was this effect 
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Figure 20. Transmission Characteristic Appeared on 
Type 503 Oscilloscope Screen at VGs = - 0.8 V, 
V
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Figure 21. Method Used to Measure Critical Voltage 
that caused some uncertainty in measuring the critical input voltage 
Ve at which the corresponding output started to become cut-off. The 
current saturation effect was well-defined in comparison with the 
cut-off effect. It was this clear saturation 'effect that provided 
t e clue to the ol tion of the present problem. The curves shown 
in Figure 22 were measured by recording the peak amplitudes of the 
g te-source signals t which the lower halves of the output waves 
starte to appear to be saturated. The method used _is suggested 
:n Figure 21. Sever other methods were tried to define the 
critical voltage Ve , but those measured according to Figure 21 and 
shown in Figure 22 seemed to yield the best results. 
Figure 22 reveals that increased negative gate-source bias 
VGs an increased drain-source bias Vns permit the larger critical 
voltages. T'nis ca be easily reasoned by referring to Figure 14. 
A signal operating at low negative VGS and low positive VDS values 
will reach saturation easily. It will reach cut-off easily if large 
negative Vas and large positive VDS v lues re provided. 
The amplificatio at large negative VGs values is small 
b use of tne corre pondingly low transconductance in that region . 
The 2N3819 speci.�en u ed in this experiment could not oscillate at 
any VGs more negative tha -0. 88 V. All oscillations were either 
p rtial saturation or full saturation. The method used to distinguish 
the partial saturation from f 11 saturation was by judgment of the 
transmission characteristic appearing on the screen of an oscilloscope. 
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For instance , at V
GS 
= - 0 . 68 V and �DS = 9 V, the transmission 
characteristic was easily identified as partial saturation, provided 
that the input signal was sufficiently large. Gradually increasing 
Vns ma e the transmission characteristic reach full saturation. Full 
saturation was initiated when Vns was increased to 13 V .  
C. iscussion of the Designed- Phase Shifter 
To test the designed phase shifter, the circuit in Figure 11 
was employed. With Rg open 180
° phase shift bet�een v3 and v4 was 
observe at f = 6740 Hz. This frequency was very close to the 
designed value � f = 6720 Hz or RCW = 2. 45. With Rg connected , the 
180 ° phase shift between v3 and v4 was o se ved at f 
= 6880 Hz. 
Again , this value was very close to f = 6840 Hz a s  shown by the 
intersection of the circuit loss and the negative axis in Figure 12 . 
In easuring these values, the shun resistance and the shunt 
capacitance contributed by the probe of the oscilloscope which were 
10 and 11. 5  pf respectively were taken into consideration. 
The magnitude of the circuit loss 
1 
in Figure 11 was 
measured at various frequencies with the type 503 oscilloscope. The 
dashed curve in Figure 12 represents the results .  Here the phase 
angles of the measured values were assumed to be the same as  the 
calculated values. This assumption will not contribute much error 
since at 180° phase angle the discrepancy in frequency between the 
calculated value and the measured value was only 6BBO - 6840 
6840 
or 0 . 6% .  
If the phase shift between the input and the output was 
exactly 180 ° for the designed amplifier, the corresponding oscil­
lation wou d occur at RCW = 2 .45 ;  i.e. , 
open , o r 
1 ( = 30 .2  with Rg included. From the analysis of 
HijW) 
50 
transmission char cteristic, the p as shift between the input and 
t e output was approximately 170°30 '  or RCW = 2 . 28 as given by 
Figure 12 . The corresponding circuit loss of the phase shifter 
was 2
5
. 5 .  
With reference to Eq . ( 41),  the describing function of the 
limi er at oscillation should be 
H = I 
1 
. l = 25 . 5 a j W) H2(jW) fa( jw)( 
·n . Discussion of the Results 
( 57) 
Eq . ( 53 ) indicates that the describing function of the 
limiter , H, can be approximated by the curves shown in Figure 13 
dep nding upo t e nature of the saturation . Therefore, from the 
value of H calcul ted from Eq. (57) with a known magnitude of 
. 
V 
. plification , the ratio ..:.J. can be found from these curves . Because 
Ve 
of the low-pass fi�tering effect, the signal between the gate and 
the source during oscillation is nearly a pure sinusoid. The peak 
va ue of this signal, Vl ' can be predicted from this knowledge of 
v, v· T e  value of Ve can be found from Figure 22 at a particular 
operating point . The corresponding fundamental peak value of the 
output s ould be approximately equal G v1 • Here Gj is the 
magnitude of ampl�fication at t e corresponding operating point . 
51 
The predicted peak amplitudes of Vgs, Vi, are shown in Figure 
23 . 
) 
takes the value of 25 .5  as shown in Figure 12 
at RCW = 2. 28 and lG(jW) I can be found from Figure 19 at the 
corresponding ope ating point . The describing function (curve A in 
igure 13) and critical voltages (Figure 22) are utilized . 
Although the partial saturation transmission character · stic 
did occur, the predictions of v1 with curve B in Figure 13 were 
large than experimental values presented in Figure 24 . For instance, 
V1 for H = 0.85 the ratio V calculated from curve A in Figure 13 is 
1 . 34 b t that given by curve B is 1 .71 .  Predictions using curve A 
for the partial saturation cases gave results close to experimental 
values in Figure 24. For this reason all predictions in Figure 23 
were based on curve A in Figure 13, regardless of the type of 
sat ration, partial or full . 
The variations of v1 with operating point measured with the 
oscillation circuit of Figure 8 are shown in Figure 24. The 
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corresponding measured oscilla ion frequencies are shown in Figure 
25. In Figure 25 the operating points at which oscillations st rte 
are m rked with asterisks. Referring to Figure 19, the magni de of 
the amplific io G j W) at oscill tion starting biases can be  
found to be  approximately 28 which is smaller than f 
(
: 
) 
= 29 
H2 J W  
shown in Figure 7 or J 
1 
) 
} � 30. 2  as i Figure 1 2  at t e phase 
H2(j 
angle 180 °. If th ph se shift between t e input and the output h 
not bee a.ken in o consider tion, the first necessary con i ion 
fo oscillatio wo 1 h ve not been s tis ied. To satisfy the first 
nee ssary d ufficient conditions fo oscillation, the amplifi-
cation t which t e build p of oscillation occurs should be larger 
t t e circ i los For the p ese t case, t e magnitu e o 
ci cuit loss is 25 . 5  and that of the amplification is 28. 
F " gu e 25 hows that lower �re uencies are generated for the 
lar er n gative VGs and positive V s  values . Referring to  Figures  
5, 9,  and 18, t i  ten ency will be  realized as  a matter of · course. 
1 FET type 2N3819 eJdlibits increased output impedance rds at the 
1 rger n gative VGs and positive V s values. The value of rds varies 
fro 100 k.a. to 1 .n. at the operating points considered in Figure 
25 . T e  larger va ues of rds will result i larger equivalent 
resistive load, R� ' ,  and a more negative phase angle of the resultant 
load impedance o t e FET stage, - o/ ,  will result as shown in 
Figure 9. Conse e tly, the phase angle of the amplification 
f 
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G \ /180 ° - o/ will deviate li tle further from 180° causing a 
decrease in oscillation frequency as Figure 12 shows . The variation 
of t e o cillation frequ ncies at var · ous ope ating points is small 
since rds is considerably arger than Rf • 
From previous analysis , the phase shift angle between the 
input and the outpu is 175 °30 ' and RCW = 2. 28. Prediction of the 
oscillation frequency based on this analysis yields 6250 Hz . Figure 
25 shows that different oscillation frequencies were ge  erate at 
different operating points; they range between 6180 Hz and 6370 Hz. 
A comparison between Figure 23 and Figure 24 in icates that 
al.mo t all of these predicted values a e a  little larger than the 
measured values. There might be three factors to cause this small 
iscrepancy: 
1. Most of he oscillation frequencies shown in Figure 25 
re higher than the predict d value which is 6250 Hz. erefore, 
the circuit loss at corresponding oscillation frequency, 
may be a little 1 rger than 25. 5 as given in Figure 12. 
2. The magnitude of ampl · �ication used in predicting v1 was 
t e small-signal v lue. The m gni de of amplification under large 
signal conditions is usually a little smaller than the small-signal 
v lue. 
3. The transmission characteristics of FET type 2N3819 are 
not ideal. Measurements of the critical vo tage Ve might contribute 
some error. 
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From Items 1 and 2, the actual values of the describing 
function of the limiter when oscillating, should be a little larger 
th n predicted, because of the division of a larger circuit loss 
� by a smaller magnitude of amplification jG(j W)I . The 
V1 
larger H will result in smaller - ratio according to Figure 13. 
Ve 
I addition to this, the measurements o Ve contribute some error. 
Summing p these three factors, the small discrepancy between 
Figure 23 and Figure 24 is reasonable. 
Accor ing to the previous analyses and experimental dat , 
the esigned oscillator oscillates at RC W = 2. 28 or f = 6250 Hz. 
If the original esig ed oscillation frequency, 6720 Hz, is desired, 
correction of the capacitive lements of this circuit is �ecessary. 
With RC 1 W 1 = 2.28, the new capacitive element C '  is 
C ' = 2. 28 = °1085 pf 
50 x 103 x 2 x1T x 6720 
Figure 26 shows the result. The plitudes of oscillation are not 
affected by this process as discusse previously • . 
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CHAPTER V 
CONCLUSIONS 
The predictions of oscillation frequencies and amplitudes 
using the describing-function technique were satisfactory after a 
met od of me suring the critical volt ge V0 was detennined. T ere­
fore , it is possible to design an oscillate generating a specified 
frequency at a specifie plitude using the FET. The processes are : 
1. Predict the oscillation frequency from Nyquist criterion. 
2. Define the circuit loss at this frequency. 
3 .  Measure t e small-signal amplification of the amplifier 
at different ope ting points. 
4 .  Measure the critical voltage o f  this amplifier at differ­
ent operating points. 
5. Choose a suitable operating point to predict the specified 
fre uency and amplitude. 
In the design o the RC oscillator , the phase angle contributed 
by the phase shifter to the system canno b neglected unless it can 
be duced to a egligible extent. This phase angle is vital in 
predicting oscillation frequency and the loss of the circuit � The 
cor ect value of the magnitude of the circuit loss is important in 
predicting the amplitude of the oscillation when the describing­
function technique is employed. However, if this phase angl� is 
smaller · than 10 ° , its effect on the hysteresis loop of the trans­
mis ion cha. acteristic  generally can be neglected. 
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Figure 25 and Figure 26 show that the designed circuit 
oscillated in a range of frequencies at different operating points 
which produce different values of output impedance rds to cha.rig� 
the effective phase shift angle of the amplifier. · To reduce this 
effect , a different FET with higher transconductance gm an higher 
output impedance rds may be used to replace the type 2N3819 .  If 
the new gm is  much higher than that of 2N3819 , the load resistance 
Rt in Figure 5 can be chosen to be much sm ller than 20 k.!l and 
still can provide an amplification large enoug to overcome the 
circuit loss. Under this situation, the effect of the variation of 
rds at d " fferent operating points will greatly reduce .  · Furthermore, 
if R is also much sm ller than z1 in Figure 5 ,  the phase angle 
contributed by the RC phase shifter might be reduced to a negligible 
ex.tent and the design work will be simplified. 
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APPENDIXES 
APPENDIX A 
A multivalued nonlinearity representing full saturation is 
sho in Figu e 27-a . The correspond · ng fundamental compone ts 
of the output g Vi) e given by 
2Tr 
0 
63 
T e i  p t  is taken to be v1 = v1 sin d amplification to be G. 
The slope of t e tran · ssion c arac eri · c  is posit · ve and equals 
+ G  
2 
5
82 2 5'JT- 1 g{V1) = -- G (v1 sin e - b) sin e d + -- c sin e e 
,r v1 o 
V1 e2 . 
+ -2-1Tr J G  (v1 sin e + b) s 
7T V1 1T- 81 
= _2_ 92 2 
'1T V 1 ) 0 J G  v1 i 2 8 - b si 8 . d + '7T V - C cos l 
+ sin e] d8 
Tr-
I 
L.-- Vl I 
( a) 
v3 ( output ) 
input) 
{b )  
-12br----
I 
I 
I 
I 
·I 
I 
v3 ( output ) 
+ C 
v1 ( iriput ) 
I 
I 
I 
Figure 27. Full Saturation Transmission Characteristics with Phase 
Shift Effects 
O' 
+-
I 2 
' TT V 
+ -2-
Tr Vi 
= -2-
Tr Vl 
IG V1 ( 1  - cos 29) 
----
2
--- - G b sin 8 ]  d8 
- C 
]TT- Gi cos e 
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IGI Vi ( 1 - cos 28 ) 
Gf b sin e] + - d8 
- 91 
2 
Gf V1 8 JG I V1 sin 29 t
2 + IGf b cos 8 
0 2 4 
2 ... - e + -- - C cos  9 l 
Tf V1 
2 
+ 1TV 1 
82 
fG  V1 sin 28 . ]'TT ---------- - fGI b cos e 4 'TT - 91 
IGI v1 sin 2e2 + 
4 
IG  b cos e
2 
- / G  b )  
G f  Vi sin 291 . ----- + 
4 
65 
or 
But 
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I G / V1 sin 281 sin 2e2 1 
= Tr V 1 ( 62 
+ 1 + 2 + 2 ) + 7T V 1 
- GJ V1 sin 2 2 
- G/ V1 si 2e1 + 2b /G/ cos e2 - 2b G/ cos e1 + 2C cos e 
+ 2C cos 2) ( 2 ) 
2C cos e2 = 2 G ( V  sin e2 - b) cos e2 = 2V1 G/ s " n  2 cos e2 
- 2 'ell cos e2 
= v1 G' s ·  2 2 - 2 G cos e2 
2C cos el = 2 G V1 sin ( Tr - 1) + b cos 91 
+ 2b Gf cos el = V1 G sin 2 1 + 2b JG cos 9 
S bstitution of Eqs . (3 ) and ( 4) in o 2) yiel s . 
(3) 
( 4) 
So , 
w e e 
- V1 G in 2 1 + 2b l G cos e2 - 2b G cos 81 + V I Gl s · n  2 2 
g( V )  = J:}. (82 + 
C - b IGI 
v1 JGI 
sin 262 sin 291) + 2 + 2 
, e = sin-1 C + b lGI 2 V1 JG I  
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( 5 )  
( 6) 
Similarly, 
2 l e2 Jirrr- e1 b V1) = -- G (V1 sin 9 - b) cos 9 d9 + e C cos e d9 �� 0 2 
G (V1 sin e +  ) cos e 
2 
G V .1. sin2 e e2 2 Tr - 81 
----- - G b sin 6) + -- c sin e] 6 = -- 2 o Tr V1 2 
2 
(
V1 IG/ sin
2 e 
+ 
'IT V l 2 
+ b GJ si 
- 2 
- Tr V 
V G . 2 9 sin 2 _ b G sin e2 + C sin 91 - - C sin e2 
2 
-
Vi G sin 2 1 - b /Gf sin 
2 
1 . ( 7) 
But C = I G I (V1 sin e2 - b) or C = G J  (V1 sin e1 + b) 
Substit tio of Eq . ( 8) into ( 7) yields 
Fo t case of the transmission c aracteristic s own · 
Fig r 27-b th o_ ly modif · cation needed in Figure 27-b is t 
68 
(8) 
(9 ) 
s bstit tion o - GJ for + G in Eqs .  ( 5) and (9) . The results ar 
g V ) J G I ( 2 + e TT 
sin 282 sin 291) + 2 + 2 
b(V ) 
l G I 2 2 = TT ( s · 2 - si 91) 
ere - C = - G ( Vi sin 82 - b) a d 
- C = - G! V1 sin TT - e ) + b j 
Rearr nge Eq. ( 12) , the resu �s wil be the s e as those in 
Eq . ( 6 ) , i . e . , 
e . -1 C + b\ G l  2 = s n v1 G 
an 
( 10) 
( 11) 
( 12) 
( 13)  
If  t e e is  no hystere is loop, the quantity b can be set to 
zero and 81 will be the same as e2 . 
g V )  = - 2;_)7I (61 + si ( 14-a) 
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b( V ) = 0 14-b)  
If there is no  hysteresis oop and Vi is also very muc 
larg r than Ve, t· en b, 62 , and 61 can be all set to zero and the 
integration of g V )  will result in 
- 4:I Vc or 
4V 
H = Tf 
(14-c) 
APPENDIX B 
Co side the case s· own in Figure 28-a . 
1T 
1 l 2 J g( V1) = TT V [ I G ( V1 sin e - b) sin 9 d9 1 0 
j-;rf- 81 
+ -1- [ Tr G ( V1 - b) sin 9 cte] 1T V1 2 
+ _
l_ [ (
rr - 63 ( - C s . e) d8 
1T V  'j_ 1 'Tr+ 82 
+ -
1- f (2 Tf J G v1 si e - b )  sin e  d 1T V1 )2Tr- 63 
= 
l GI 
J
?I2 V1 (1 - cos 29) - ------ - b �in eJ de TT V1 - 2 0 
'JT- 81 
v1 - b) - cos a Tr 
+ -,. a r J
Tr +  e2 v1 ( - cos 2e) ------ ·+ b sin e 
1T V1 7T- 81 
2 
C 
+ TT V1 
cos 
70 
\ 
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Figure 28 � Partial Saturation Transmission Characteristics 
with Phase-Shift Effects 
-.,J 
f-J 
where 
JG  l i 2 V1 ( 1 - cos 28 ) + -
V
-
- b sin 8 d8 
1 2 Tr  - 63 
2 
- _JQL_ { V18 _ v1 sin 28 2 �--- + b cos e ,rv, 2 4 � 0 
+ ( V1 - b )  ( - cos 
cos 
r« + 82 C 
2 7T - 3 e + - [cos eJ 
Tr- e1 J GJ 1T + 8 
+ v1e _ v1 sin 28 2 
2 4 
+ b cos e .
2 
e e ) + G 
V183 
+ b - b 9 + C cos J _ cos 2 2 
cos 3 
v1 sin 293 �; 
4 ... J 
(--r- e ) or 
2 
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( 15 ) 
( 16) 
Similarly , 
an 
By eliminating G b from Eqs. -(17) and (18),  it is easy to get 
From Eq . (16 ) , 
Vi ( l  - sin 81) b = -------
S bstit tion of Eqs. (19 ) and 20) i to Eq . (15 ) , it results in 
a simpl . fi d form: 
Substitucion of Eqs � 19) an (20) · to Eq. (17) yields 
sin 1 + sin 82 - sin 83 = 1 
b(V1) = --- .. f 2 1 G  ( V1 sin e - b) cos e d0 V1 Jo 
\Tr - 81 
+j 2 
I G (V1 - b)  cos e 9 
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( 17 )  
(18) 
(19 ) 
(20 )  
(22) 
+ T 2 G (V1 sin e +  b )"  cos 9 de J
TT
' 
Tr- 81 
-l-12Tr - 83 
. ( - c cos e) e 
Tr + 82 
2Tr + { G ' (V si 
3 
- b} cos 
1 5
2 
(
/GI V1 
;
in 20 - Gi b cos e) de = 'TT Vl o 
,� - el 
+ T[ G ( V1 - b) co 
�y + 92 Gf Vl sin 29 
+ 2 + . I G b cos 8) de 
- ,2
'IT - 93 
)'1 C co 
d 
. Ti+ e2 . 
f 2 Tr  I G I  Vl sin 28 1 + ( 2 - J G  b cos 0) d9J 
2 7T - 3 
= -1---- v . 1 
' Gf V1 cos 28 
4 
+ 1 G (V - b) sin 9 
:.!. 
2 
1T 
GI b sin eJ2 
0 
74 
+ - J Gf V cos 28 
2'" I -
C sin eJ 
,r + 
- I GJ V1 cos 29 
+ 
4 
= -1-
'T V 
! GI V1 co s 282 ------ + 
- ' G � b  sin 91 + C 
Tr+ 82 + I G  b si 
if - 61 
3 
2 
2 7r  } 
I G b i 
2 7T - 83 
GI + I G  V1 - b)(sin e1 - 1) 
G V1 cos 2 3 
+ ________ ..::;... - b G i e ..., 3 
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( 23 )  
S bstitutio of E • 9 )  and (20) · .to Eq. ( 23 )  an simplification 
y:..e 
- l at  1 • 1 ( 2 b V J = 2 ,.-- L 2 ,- 2 cos + cos 292 - cos 293 ) 
c ing t e _ a ysis f the p ·  re 28- i o t' e p r ial s ration 
o.,,.,;;,..._ ..... • ssion c . .  aract ri t · c .: · a p ase s ift a little smaller 
than 180 ° ( as_ in Figure 28-b ) gives 
and 
1 V1 - 2b 8 = sin-1 V1 
. -1 C - IG  b 
3 = sin V G I  
1 . 
e = sin-1 C + /Gi b ' 2 V1 f G 
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, and 
( 27)  
For the case  the hysteresis loops in Figure 28 disappear; 
then o = O ,  81 = - and 2 = 83. Eqs. ( 25 ) and ( 26 )  become 
2 
( 28-a) 
( 28-b) 
Fo partial satur tion C '"' �e Vi is small, because _ this occurs only 
when Vns is not large enough to cause full saturation at oscillation. 
Therefore , it is  not necessary to evaluate the value of g v1) with 
v1 much larger than Ve as was done in Eq. ( 14-c ) .  
